We present some of our research activities dedicated to doped silica-based optical fibers, aiming at understanding the spectral properties of luminescent ions, such as rare-earth and transition metal elements. The influence of the local environment on dopants is extensively studied: energy transfer mechanisms between rare-earth ions, control of the valence state of Chromium ions, effect of the local phonon energy on Thulium ions emission efficiency and broadening of Erbium ions emission induced by oxide nanoparticles. Knowledge of these effects is essential for photonics applications. keywords optical fiber, silica, spectroscopy, rare-earths, transition metals, energy transfer, valence state, phonon energy, local environment
glass fiber. The diameter of the fiber is adjusted by varying the capstan speed. A UV-curable polymer is used to coat the fiber.
Material characterizations
Refractive index profiles (RIP) of the preforms were measured using a York Technology refractive index profiler (P101), while the RIPs of the optical fibers were determined using a York Technology refractive index profiler (S14). The oxide core compositions of the samples were deduced from measurement of the RIP in the preform, knowing the correspondence between index rising and AlO 3/2 , GeO 2 , PO 5/2 concentration in silica glass from the literature [xviii,xix] . The composition was also directly measured on some preforms using electron probe microanalysis technique in order to compare results. A good agreement was found. The concentration of these elements is generally around few mol%. Luminescent ions concentrations are too low to be measured through the RIP. They were measured through absorption spectra.
For example, Tm 3+ ion concentration has been deduced from the 785 nm ( 3 H 6 => 3 H 4 ) absorption peak measured in fibers and using absorption cross-section reported in [xx] :  abs (785 nm) = 8.7x10 -25 m 2 .
doping levels for both species, another non-radiative energy transfer process can take place and allows exciting a higher level of the acceptor ion : it is the double energy transfer process (DET) described by Auzel [xxv] . This process was first used to convert infrared light from LED to visible emission or to detect weak infrared signals with photomultipliers [xxvi,xxvii] .
Double energy transfer in Er 3+ -doped fibers
The clustering effect in Er 3+ -doped silica fibers is now a well-accepted phenomenon, and its detrimental influence on the 1550-nm gain transition of such fibers is well established [xxviii] . For simplicity, modeling of clusters has consisted of considering that a fraction of the dopants were organized in ion pairs [xxix] , in which an immediate energy transfer leads to an instantaneous relaxation of one excited ion. This model is in very good agreement with the experimental results obtained for saturable absorption and for gain measurements at low Er 3+ doping levels as in fiber amplifiers. At higher doping levels, Ainslie et al. [xxx] showed that, in addition to the ions dispersed in the host, regions in which concentrations of rare-earth exceeding 40 wt% -called clusters -appear : in such a material the ion-pair model cannot be applied. We have developed a cluster model [xxxi] that differs from the ion-pair one by the fact that we consider that each ion of a cluster can efficiently transfer its energy to any of the other ions of the same cluster. When n ions of a cluster are excited, a succession of (n-1) fast relaxations by energy transfer leads to a situation in which all the ions of a cluster but one are de-excited. This model permits the determination of the proportion of the dopants organized in clusters and the transfer rate. In order to validate the model we realized a pump-absorptionversus-pump-power experiment with two fiber samples, Er-1 and Er-2, doped with 100 ppm and 2,500 ppm of Er 3+ , respectively (Fig. 2 ). This shows that the non-saturable absorption (NSA) grows dramatically with the Er 3+ concentration. We have attributed this behaviour to the presence of clusters containing a significant percentage of the dopants and in which efficient energy transfers allow these ions to relax rapidly after the absorption of a first pump photon. 
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Thermalization effects between excited levels in doped fibers: temperature sensor based on fluorescence of Er
3+
Though the rare-earth ions are never in thermodynamical equilibrium because of the metastability of some levels, it has been demonstrated that the populations of the 2 H 11/2 and 4 S 3/2 levels responsible for the green emission in Er 3+ -doped fibers are in quasi-thermal equilibrium.
This effect has been observed for the first time in fluoride glass fibers [xxxiii] and can be attributed to the relatively long lifetime of these levels (400 µs) in that host. In silica, in spite of the two orders of magnitude shorter lifetime, a fast thermal coupling between both levels has been proposed [xxxiv] and confirmed experimentally [xxxv] (Fig. 4 ). Indeed these levels can be considered to be in quasi-thermal equilibrium, because of the small energy gap between them, about 800 cm -1 , compared to the high energy gap between them and the nearest lower level, about 3000 cm -1 . In this case, the lifetime of these levels is sufficient (1 µs) to allow populating the upper level from the lower one by phonon induced transitions. Therefore R, the ratio of the intensities coming from both levels, can be written as:
where  is the frequency,  e the emission cross section, k the Boltzmann constant, E the energy gap between the two levels and T the temperature in degrees Kelvin. In Fig. 4 we show that the experimental data can be fitted by a function in agreement with Equation (1). This is another example of an energy transfer process, this one being assisted by phonons.
In order to take advantage of the high efficiency of the DET in highly co-doped Yb-Er doped fiber and of the thermalisation effect between the higher levels involved in the green fluorescence in this kind of fiber, we have developed a new temperature sensor, unsensitive for strain. The dynamic obtained was 11 dB in Fig. 4 over the shown temperature range, leading to a mean rate of change of the green intensity ratio of approximately 0.016 dB/K at 300 K.
Several temperature cycles have been carried out and we have observed a good repeatability. As
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for the stability, no modifications have been observed on the two intensities when the fiber was heated during several hours at temperatures up to 600°C. Due to the strong absorption of the doped fiber in the signal wavelength range -the green emissions corresponding to transitions downto the fundamental level -and to the 15 dB/km intrinsic absorption of the transparent fiber in the same wavelength range, such a device would be limited to a point sensor.
We have developed a new sensor based on the 1.13 µm and 1.24 µm emission lines, coming from the same levels [xxxvi] . These lines present the same temperature behaviour as the green ones. As the lower level of these transitions is the 4 I 11/2 -level and not the fundamental one ( Some reports on chromium-doped glasses have already shown evidence of absorption and nearinfrared (NIR) fluorescence due to Cr 4+ in these materials [xl,xli] . However their compositions and preparation techniques greatly differ from those of silica optical fibers. Therefore, some basic studies on the optical properties of TM ions in silica-based optical fibers are needed. In particular, the final TM oxidation state(s) in the fiber core strongly depend(s) on the preparation process. Also, the optical properties (absorption and luminescence) of one particular oxidation state of a TM ion varies from one host composition and structure to another, due to variations of the crystal-field (so-called ligand field in glass) [xlii] . Hence the interpretation of absorption and emission spectroscopy is difficult. Because no luminescence spectroscopy of the TM-doped silica fibers had been reported before, we have contributed to explore this field. We have studied the influence of the chemical composition of the doped region on the Cr-oxidation states and on the spectroscopic properties of the samples. We have also studied the optical properties versus the experimental conditions (temperature and pump wavelength). We describe the experimental details specifically used for TM-doped fibers, then we summarize all results and interpretations.
Fabrication and characterization of Chromium-doped samples
The preforms and fibers were prepared as described in §0 Chapitre:, using Cr We have also estimated the absorption cross-sections using results from composition and valency measurements. Absorption and emission spectroscopies including decay measurements were performed on both preforms and fibers, at room temperature (RT) and low temperature (LT, either 12 or 77 K), using various pump wavelengths: 673, 900 and 1064 nm.
Full details of the experimental procedures are given in [xliv,xlv,xlvi] .
Principal results
By slightly modifying the concentration in germanium and/or aluminium in the core of the samples, their optical properties are greatly modified. In particular, we have shown that: ii) The absorption spectra have been interpreted and optical transitions assigned for each present valency state (Fig. 6) 
Oxide modifiers influence on the 3 H 4 -level lifetime
To address this problem, we have studied the effect of some modifications of Tm 3+ ion local environment. Keeping the overall fiber composition as close as possible to that of a standard silica fiber, we expect to control the rare-earth spectroscopic properties by co-doping with selected modifying oxides. We have studied the incorporation of modifying elements compatible with MCVD. GeO2 and AlO 3/2 are standard refractive index raisers in silica. AlO 3/2 is also known to improve some spectroscopic properties of Er 3+ ion for C-band amplification [i] and to reduce quenching effect through clustering in highly rare-earth-doped silica [lvii] . Both oxides have a lower maximum phonon energy than silica. We use high phonon energy PO 5/2 as opposite demonstration. GeO2 and PO 5/2 concentrations are 20 and 8 mol%, respectively. AlO 3/2 concentration is varied from 5.6 to 17.4 mol%. Tm 3+ concentration is less than 200 mol ppm.
To investigate the role of the modification of the local environment, decay curves of the 810 nm fluorescence from the 3 H 4 level were recorded. All decay curves measured are nonexponential. This can be attributed to several phenomena and will be discussed in this article.
Here, we study the variations of 1/e lifetimes () versus concentration of oxides of network modifiers (Al or P) and formers (Ge). doped fiber Tm(P) was reduced down to 9 µs. We see that aluminum codoping seems the most interesting route among the three tested codopants. 
Non-exponential shape of the 810-nm emission decay curves
where A() is the continuous distribution of decay constant.
The procedure for calculating  and the fitting algorithm are described in detail in [lix] . For the fitting procedure, we considered 125 different values for  i , logarithmically spaced from 1 to 1000 µs. By applying this procedure to all the decay curves, a good matching was generally obtained. For a given composition (Fig. 10) , we can notice two main distributions of the decay constant. With the aluminium concentration, they increase from 6 to 15 µs and from 20 to 50 µs, respectively. For the highest aluminium concentration (9 mol%, in Tm(Ge) and
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Tm(P)), these two bands are still present (not shown in the figure) . One is around 10 µs and the second one spreads from 30 to 100 µs, for both compositions (Tm(Ge) and Tm (P) 
where  rad corresponds to the radiative lifetime which is given to be 670 µs in silica [lx] .
W nr is the non-radiative decay rate, expressed as [lxi]: dB was obtained at 1500 nm [lxiv] . With a numerical model of the TDFA that we developed
[lxv], we estimated that a gain higher than 20 dB is reachable in a silica-based TDFA.
Rare-earth-doped dielectric nanoparticles
Erbium-doped materials are of great interest in optical telecommunications due to the Er 3+ intra-4f emission at 1.54 µm. Erbium-Doped Fiber Amplifiers (EDFA) were developed in silica glass because of the low losses at this wavelength and the reliability of this glass. Developments of new rare-earth doped fiber amplifiers aim to control their spectroscopic properties: shape and width of the gain curve, optical quantum efficiency, .... Standard silica glass modifiers, such as aluminum, give very good properties to available EDFA. However, for more drastic spectroscopic changes, more important modifications of the rare-earth ions local environment are required. To this aim, we present a fiber fabrication route creating rare-earth doped calcosilicate or calco-phospho-silicate nanoparticles (NP) embedded in silica glass.
Nanostructured fibers preparation
In the chosen route, NP are not prepared ex-situ and incorporated into the perform. To prepare them, we take advantage of the heat treatement occurring during the MCVD process.
Their formation is based on the basic principle of phase separation. On the basis of thermodynamical data such as activity coefficient, entropy of mixing, enthalpy of mixing and Gibbs-free energy change, the phase diagram of the SiO 2 -CaO binary compound was derived using Factstage software (Fig. 11) . A miscibility gap is found when the CaO concentration is between 2 and 30 mol%. In this region, CaO droplets are formed, like oil in water. Such
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phenomenon is expected during perform fabrication as temperature reaches 2000°C during collapsing passes.
For Calcium doping, CaCl 2 salt was added to the Er 3+ containing soaking solution. Four CaCl 2 concentrations were studied (0, 0.001, 0.1 and 1 mol/l). Ge and P were also added by MCVD. When the Ca concentration was increased in the doping solution, the aspect of the central core of the preform turned from transparent to milky. This variation is explained by the structural changes of the core. For preforms with calcium concentration higher than 0.01 mol/l, NP were observed by Transmission Electron Microscopy (TEM) on preform samples (Fig. 12) .
We can clearly observe polydisperse spherical NP with an estimated mean diameter of 50 nm.
Smaller particles of 10 nm are visible. The size of the biggest particles was around 200 nm (not shown in Fig. 12 ). When the Ca concentration decreases, the size distribution of the particles is nearly identical but the density is lower. The composition of the core was investigated by Energy Dispersive X-ray analysis: the NP contained equal amounts of Ca, P and Si cations, whereas only Si cations was detected in the surrounding matrix. Ge seemed to be homogeneously distributed over the entire glass. The most important finding is that Er 3+ ions and Ca were detected only within the NP.
Erbium emission characterizations
Spectroscopic characterizations on the emission line associated to the 4 I 13/2 -4 I 15/2 transition at 1.54 µm were made at room temperature on Er-doped samples with (sample A) and without (sample B) calcium. The results are shown in Fig. 13 where we evidence the fact that the emission spectrum of sample A is broader than that of sample B. To explain these differences we have studied the Er 3+ local environment. EXAFS measurements at the Er-L III edge (E=8358 eV) were carried out at the GILDA-CRG beamline at the European Synchrotron Radiation Facility. In sample A the rare-earth is linked to O atoms in the first coordination shell and to Si or P atoms (these two atoms can not be distinguished due to the similar backscattering amplitude and phase) in the second shell in a way similar to that already observed in silicate glasses [lxvi] , phosphate glasses [lxvii] . Also the structural parameters (about 7 O atoms at 2.26 Å and Si (or P) atoms at 3.6 Å corresponding to a Er-O-Si (or P) bond angle of ≈140 deg) are in good agreement with the cited literature. Si(or P) atoms are visible as they belong to the same SiO 4 (or PO 4 ) tetrahedron as the first shell O atoms but no further coordination shells are detected. This permits to state that an amorphous environment is realized around Er 3+ ions. On the other hand sample B presents a completely different EXAFS signal that is well comparable with the spectrum of ErPO 4 . This means that Er in this case is inserted in a locally well ordered phase of about a few coordination shells (around 4-5 Å around the absorber). The fact that TEM on this sample reveals a uniform sample is not in contradiction with this result; it just means that this phase is not spatially extended to form nm-sized NP (in our TEM analyses the spatial resolution is limited to few nm) but the ordering is extremely local, i.e. it is limited to only a few shells around the rare-earth ion.
From these considerations, the broadening of the emission spectrum observed in sample A can be attributed to an inhomogeneous broadening due to Er 3+ ions located in a more disordered environment compare to sample B. Here we see that the cumulated effects of Ca and P within the Er-doped NP both amorphize the material structure around Er 3+ ions and increase the fluorescence inhomogeneous broadening.
Conclusion
In this paragraph, we have demonstrated that through the phase separation mechanism, nanoparticles can be obtained in preforms by adding Calcium. Er 3+ ions are found to be located only into these nanoparticles. An inhomogeneous broadening of the emission band is observed, associated to Er 3+ ions located in a more disordered environment compare to silica. This feature is particularly interesting in the production of materials for Wavelength Division Multiplexing applications, such as Erbium-Doped Fiber Amplifier with a broader band gain.
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